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Abstract 
Hollow-Core Photonic Crystal Fibres (HC-PCFs) have emerged as an area of interest for 
fibre-optic based distributed gas sensing. In order to allow the gas to enter the hollow core of 
the fibre, various techniques such as lateral drilled side holes have been investigated in the 
literature. However, it is essential to understand the mechanisms of gas flow in HC-PCFs 
with drilled side holes in order to determine the optimum design parameters of the sensor 
such as the size and spacing of drilled side holes. This study aims to analyse the gas flow 
behaviour and determine the response time of HC-PCFs with drilled side holes by developing 
and applying a numerical model based on gas diffusion in a microchannel. The model is 
validated against the results of two different experimental studies. The model is then applied 
to determine the response time is a function of the length, the number and spacing of side 
holes and the gas type (methane and acetylene). It is found that an inverse relationship exists 
between the effects of number and spacing of side holes on the response time and the optical 
loss, suggesting that an optimum design point exists.  
Keywords: Hollow-Core Photonic Crystal Fibre; Gas sensor; Gas dynamics; Diffusion; 
Response time.  
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1. Introduction 
Photonic crystal fibres (PCFs) have been of interest to researchers since 1996 [1] due to their 
increasing application in the development of novel optical components [2-6] . PCFs are 
mainly classified into (1) index-guiding PCFs with a solid core (SC-PCF) and (2) photonic 
bandgap and anti-resonant PCFs with a hollow core (HC-PCFs) surrounded by periodic 
arrangements of air holes running along the entire length of fibre [7, 8]. Fig. 1 presents 
cross-sections of two common designs of HC-PCFs, which guide more than 99% of light in 
the central hollow core. These include photonic bandgap HC-PCF (Fig. 1a) and a Kagomé 
anti-resonant HC-PCF (Fig. 1b).  
HC-PCFs allow the laser light to be guided over a broadband wavelength range in a hollow 
core over a long distance with minimal loss. This provides a unique microchannel 
environment for the interaction of gases and the laser light. Thus, new opportunities in 
various fields of nonlinear fibre optics, super-continuum generation, spectroscopy, and fibre 
sensors can be explored [10-12].  
Photonic bandgap HC-PCFs are strong candidates for gas sensing where fast response, 
distributed, and high sensitivity remote sensing is required [13]. One of the important design 
parameters of HC-PCF for gas sensing is the response time [14]. Response time is a function 
of several parameters such as the gas filling and evacuating time in the core [15]. In this 
study, the time taken for the gas to fill the hollow core is considered to be the response time. 
Different gas filling techniques for HC-PCFs are presented in Fig. 2. In all techniques, 
HC-PCFs are connected to single mode fibres (SMFs) at both ends. Fig. 2a shows one end of 
the HC-PCF kept open to act as the gas inlet and outlet [16-19]. This is the simplest method 
for gas filling, where the flow of gas is governed by diffusion. The concentration gradient 
drives the diffusion of gas molecules in and out of the core. Fig. 2b shows a vacuum chamber 
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at the inlet, which is evacuated prior to gas diffusion into the chamber [19]. Fig. 2c shows an 
external pressure applied at the inlet to drive the gas filling process in the core of the HC-PCF 
[20]. Valiunas et al. [21] used a different arrangement to accelerate the gas flow in the 
HC-PCF, where the inlet gas was at the atmospheric pressure and a vacuum pump was used 
at the outlet to create a pressure difference. Fig. 2d shows two C-shape rings spliced to PCF 
and SMF at each end to connect them and also create pathways for the gas to flow in and out 
of the core [22]. Fig. 2e shows multiple HC-PCFs used to provide more gas inlet points [23]. 
Finally, Fig. 2f shows multiple drilled side holes in HC-PCF, which allow the gas to more 
rapidly enter the core from the environment [24]. The drilled side holes make the HC-PCF 
more effective in situations where the pressure difference between atmosphere and core is not 
significant. The main advantage of this design is that it reduces the response time by creating 
more inlets. However, the gas diffusion time and the response time depend on the number, 
geometry and spacing of the side holes. In this study, the drilled HC-PCF is considered for 
the numerical modelling to explore the relationship between these characteristics. 
In addition to the different experimental investigations of gas flow in HC-PCF, several 
numerical models have been developed to analyse the flow of different gases at various 
environment and design conditions. In these models, the core of the HC-PCF is treated as a 
microchannel. In general, the gas flow in a microchannel can be classified into four flow 
regimes depending on the inside pressure and the diameter of the channel, namely continuum 
flow, slip flow, transition flow, and free molecular flow. De Giorgi et al. [25] argued that for 
two-phase flow in a pipe, the flow regime at different pressures and temperatures determine 
the cavitation phenomena. Cavitation should be considered in the pipe flow analysis with a 
two-phase flow.  
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Henningsen and Hald [26] developed a mathematical model for pressure driven gas flow in 
HC-PCF and experimentally validated the model by examining the inlet and outlet pressures 
of HC-PCF. In the free molecular flow regime, a one-dimensional diffusion equation was 
used. For the hydrodynamic regime, the Poiseuile flow equation was used. Wynne and 
Barabadi [27] developed another pressure driven gas flow, where HC-PCF was filled with 
gases of different viscosities. They then analysed the effects of gas viscosity on the flow in 
the core of HC-PCF. Dicaire et al. [28] developed a mathematical model to simulate the gas 
flow dynamics for different PCFs based on the molecular gas diffusion in the capillary. It was 
assumed that the inside pressure of the core was a function of the gas filling, and that the 
pressure and diffusivity of the gas were functions of time. Using the same model, Parmar and 
Bhatnagar [29] calculated the gas filling time in HC-PCF with different dimensions and 
pressures. Simulation and experimental analyses were carried out by Hoo et al. [30] to 
determine the gas concentration changes in the cladding of the SC-PCF due to the gas 
diffusion. They considered the open end of PCF to be in an air-filled chamber and the other 
end to be spliced and sealed to a SMF. The air of the chamber was replaced with acetylene, 
which resulted in the acetylene diffusion in the claddings of PCF. Near-continuum gas flow 
regime was considered for the gas flow modelling.  
Recent studies demonstrated that the lateral drilled side holes in HC-PCFs improve the gas 
flow into the core and reduce the response time [24, 31]. It was noted that the design and 
spacing of laterally drilled holes should be carefully carried out to optimise the response time 
and the optical loss. It is essential to understand the mechanisms of gas flow in drilled HC-
PCFs in order to determine the spacing and the design of the side holes. To the best 
knowledge of authors, no study has been reported in literature on the numerical modelling of 
gas flow in drilled HC-PCFs. In this study, such a model is developed to simulate the flow of 
methane and acetylene in a drilled HC-PCF. Initially, the model is validated against the 
  
5 
 
experimental results of a non-drilled HC-PCF from literature. The model is further validated 
against the experimental results of a single drilled HC-PCF. Using this numerical model, 
different sizes and different numbers of side holes in HC-PCF have been simulated to 
examine the change in response time. 
2. Numerical model 
2.1 Computational domain 
The numerical model developed in this study focuses on the diffusion-based gas filling of a 
HC-PCF from drilled side holes. Since the size of the core of the HC-PCF is 10 µm, it can be 
considered as a microchannel. Fig. 3 presents the schematic diagram of the models, where 
microchannels with 10 µm diameter and 10 µm sized side holes are assumed. Figs. 3a, b, c, 
and d represent the HC-PCF with one, two, three and four side holes, respectively, where side 
holes are equally distributed along the length of the fibre.  In practice, both ends of the 
HC-PCF are spliced to SMF, therefore, both sides of the microchannel are considered to be 
closed. The diffusion is assumed to take place at atmospheric temperature and pressure.  
2.2 Governing equations 
The diffusion equations employed in the developed model are: 


+ . ∇ = ∇. (∇) +                                                                                                   
(1) 
 = −	∇ +                                                                                                            
(2) 
where, C is the concentration of the test gas (mol/m3),  is the diffusion coefficient of gas 
(m2/s), u is the velocity vector (m/s), R is the reaction rate expression for the species 
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(mol/(m3.s)) and  is the flux of gases. These equations are solved using COMSOL 
Multiphysics, which is a generalized finite element analysis platform. In particular, the 
concentration-based gas diffusion is modelled using the Transport Dilute Species module. 
The first term of Equation 1 represents the concentration change of gas with respect to time, 
the second term represents the convective transport due to gas velocity, the third and fourth 
terms represent the diffusion transport of gas due to diffusivity, and the last term represents 
the chemical reaction between the molecules. Equation 2 represents the flux of the gas 
species.  
2.3 Boundary conditions 
This study considers gas flow in the microchannel based on the gas diffusion due to the 
concentration difference. The initial gas concentration at the inlet and inside the 
microchannel are assumed to be 1 mol/m3 and 0 mol/m3, respectively. It is assumed that there 
is no flux (N=0) across the microchannel walls. The gas velocity (u) and the reaction 
parameter (R) are also assumed to be zero. The gas diffusivity is considered to be constant. 
The gas diffusivity (D) of methane and acetylene in nitrogen at the atmospheric temperature 
and pressure are Dmethane= 224 x 10-4 m2/s and Dacetylene= 0.1837 x 10-4 m2/s, respectively [32]. 
3. Model validation 
3.1 Non-drilled HC-PCF 
The numerical model is first validated with the experimental results of a non-drilled HC-PCF 
developed by Magalhaes et al. [33]. Fig. 4a shows a schematic diagram of their experimental 
apparatus for measuring the gas diffusion time. In this arrangement, the sensing head of the 
HC-PCF was butt-coupled with SMF for effective transmission. The gas was injected in the 
chamber, after which it diffused into the HC-PCF from both ends. The DFB laser source was 
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emitting light at the gas absorption line. Using a photodetector, the decay of transmitted light 
for gas filling in the core was analysed with respect to time. Based on the experimental setup, 
a numerical model of gas flow is developed for a non-drilled HC-PCF, where a 13.7 cm long 
microchannel is considered as the core of the HC-PCF (Fig. 4b). In this model, the gas inlet is 
considered to be at both ends of the microchannel. 
 
Fig. 5 shows a comparison between the experimental and numerical simulations for the 
transmittance change over time due to gas diffusion. The experimental results show that the 
transmittance change reaches 95% of its steady value at 248 s. The numerical results show 
that the average relative gas concentration of methane reaches 95% of its saturation at 236 s. 
The error between numerical and experimental results for the gas filling time is 4.8%. 
3.2 Drilled HC-PCF 
Past experimental work on gas diffusion in a drilled HC-PCF [34] is also used to validate the 
present numerical model (Fig. 6a). The experiments used a sealed gas chamber to test a HC-
PCF sensor to detect methane gas [34]. Two gas cylinders (100% N2 and 10% CH4 in N2) 
were connected to the inlet of the gas chamber via flow meters, safety check valves, and 
micro-filters, allowing different ratios of a methane/nitrogen mixture to be injected into the 
chamber. Before each test, the nitrogen gas was used to wash out other gases from the gas 
chamber and the core of the fibre. An optical spectrum analyser was used to calibrate the 
optical losses due to the connections and the presence of other gases or particles. Fig. 6b 
shows a schematic diagram of the numerical domain used for this validation. Similar to the 
experimental setup, the length of this microchannel is considered to be 85 mm and a 10 µm 
sized side hole is considered in the middle of the fibre to mimic the experiments.  
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The sensor head transmission from the experiments and the average relative gas 
concentration from the numerical model are compared in Fig. 7. The experimental results 
show that the transmission intensity change through HC-PCF upon exposure to 2% methane 
gas takes approximately 59 s to reach 90% of its stability. The numerical results show that the 
average relative gas concentration reaches its stability in 67 s. The difference of 11% is 
possibly due to the experimental errors as well as the numerical error due to not considering 
the gas-wall effect of gas flow in the developed model. 
4. Gas flow in single drilled HC-PCF 
The numerical model for the drilled HC-PCF is used to simulate the average relative 
concentration changes of methane and acetylene in HC-PCF. Here, the average relative 
concentration is the ratio of average gas concentration in the microchannel and the inlet gas 
concentration. The concentration change is obtained by gas diffusion into the core via the 
side hole of the HC-PCF. Figs. 8a and b show the average relative gas (methane and 
acetylene) concentration changes in the core of the HC-PCF from a single side hole into a 
microchannel with various lengths of 50, 85, 120 and 150 mm. The results show the gas 
filling time increases with the length of the microchannel. As mentioned earlier, in this study, 
the response time is considered to be the time taken for the gas to fill the microchannel. In 
Fig. 8, the T90 response time is indicated at the point where the average gas concentration in 
the HC-PCF core is 90% of the gas concentration at the inlet. It is evident that the response 
time for methane is faster than that for acetylene. This is because of the higher diffusivity of 
methane compared to acetylene. This is in agreement with the results of other studies [35, 
36].  
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5. Gas flow in multiple drilled HC-PCF 
The effects of multiple side holes on the gas flow behaviour in HC-PCFs are simulated using 
the developed numerical model. The side holes are assumed to be evenly distributed. Fig. 9 
compares the average relative concentration of methane in the HC-PCF with different 
numbers of side holes. The results show that as the number of side holes increases, the gas 
filling takes place over a much shorter time. Carvalho et al. [37] stated that each opening in 
HC-PCF works as a gas inlet. This means that introducing more openings reduces the time of 
gas diffusion during filling. It is also evident that the total length of the microchannel 
significantly affects the response time. As the length increases, the spacing between each side 
holes also increases, which in turn increases the gas filling time.  
Figs. 10a and b present the T90 response time for different numbers of side holes for methane 
and acetylene. The results clearly show that the response time is inversely related to the 
number of side holes. For example, for a microchannel with 85 mm length, response times of 
6 s and 67 s were found for four side holes and a single side hole, respectively. This is in 
agreement with the results of Hoo et al. [24], who found a significant reduction of response 
time as a result of an increase in the number of side holes. They compared two, 70 mm long 
HC-PCFs, one without side holes and the other with seven side holes. Their results showed 
the response time was reduced from 55 s to 3 s. Figure 10 also presents the change of 
response time of the gases with different diffusivity (methane and acetylene). It is evident 
that for the same number of side holes, the response time for acetylene is higher compared to 
that for methane, due to its low diffusivity.  
It is must be noted that increasing the number of side holes affects the optical transmission 
loss. Hoo et al. [24] experimentally determined an optical loss of ~0.49 dB loss for seven side 
holes in a 7 cm long HC-PCF, corresponding to an optical loss of 0.07 dB per side hole. Jin et 
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al. [38] also measured the optical loss for 20 evenly distributed side holes and found an 
optical loss of approximately 1.00 dB, corresponding to an optical loss of 0.05 dB per side 
hole. Other studies [39,40] found various values for the optical loss for different side holes 
with different geometries. Fig. 11 presents the reduction of response time and the increase of 
optical losses due to the increase of side holes in HC-PCF. This study can be repeated for any 
gas and or geometry of fibre and side holes to determine the optimum number of side holes 
with the aim of optimising the response time and the optical transmission loss. 
  
6. Conclusions 
A numerical model is developed and validated to simulate gas transport in the core of HC-
PCF. This model considers diffusion-based gas filling at atmospheric pressure and 
temperature. The gas diffusion equation is used, where the diffusivity of the gas is considered 
constant. The simulation is carried out for methane and acetylene in drilled HC-PCFs with 
different lengths and different number of side holes. The numerical model is first validated 
against published experimental studies. Then, it is used to determine the response time for gas 
diffusion in the core of a HC-PCF. The results of the developed model show that the response 
time significantly decreases as the number of side holes in a HC-PCF is increased. The 
response time, however, increases as the length of the fibre increases. The response time is 
found to be higher for a gas with lower diffusivity. It is also concluded that an increase of the 
number of side holes should be carefully considered, as it causes the optical loss to increase. 
This model can be useful to determine the size and spacing of side holes for various 
geometries of HC-PCFs and different gases with the aim of optimising the design. 
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Fig. 1: Schematic cross-sections of different HC-PCFs, namely (a) photonic bandgap, and (b) 
Kagomé anti-resonant [9]. 
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Fig. 2: Schematic diagram of different gas filling techniques, showing (a) single end gas 
filling, (b) vacuum chamber gas filling, (c) pressure driven gas filling, (d) C-shape ring, (e) 
multiple HC-PCF, and (f) drilled HC-PCF.  
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Fig. 3: Schematic diagrams of microchannels employed in numerical simulation of drilled 
HC-PCF, including (a) single side hole, (b) two side holes, (c) three side holes, and (d) four 
side holes (L is the length of microchannel).  
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Fig. 4: Schematic diagram of diffusion in non-drilled HC-PCF, including (a) the experimental 
apparatus of Magalhaes et al. [33], and (b) the numerical model developed in this study. 
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Fig. 5: Comparison of the present numerical model with the experimental study of 
Magalhaes et al. [33]. 
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Fig. 6: Schematic diagram of the gas diffusion in a drilled HC-PCF, including (a) the 
experimental apparatus of Amanzadeh [34], and (b) the numerical model developed in this 
study. 
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Fig. 7:  Comparison of the present numerical model with the experimental study of 
Amanzadeh [34]  
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Fig. 8: Time history of the average relative gas concentration in the microchannel with 
different lengths (simulating the core of single side hole HC-PCFs) for (a) methane, and (b) 
acetylene. 
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Fig. 9: The average relative gas concentration of methane over time in the microchannel with 
different lengths (simulating the core of drilled HC-PCFs) for (a) one side hole, (b) two side 
holes, (c) three side holes, and (d) four side holes. 
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Fig. 10: Response time of HC-PCFs with different number of side holes in various lengths for 
(a) methane and (b) acetylene. 
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Fig. 11: Variation of response time and optical transmission loss with the number of side 
holes for a 85 mm long HC-PCF, showing the loss measurments by Hoo et al. [24], Jin et 
al. [38], and Yang [40]. 
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Highlights:  
• Different gas filling techniques in HC-PCFs for gas sensing were classified. 
• Gas flow in drilled HC-PCFs were numerically simulated. 
• Response time of HC-PCF gas sensors reduces with the increase of drilled side holes. 
• The existence of an optimum design of drilled HC-PCF was identified. 
 
 
